A. HOUPT. Transfer of urea nitro,gen across the rumen wall. Am sized by rumen microorganisms.
In addition, a portion of the ammonia formed in the rumen is absorbed into the portal system, and this ammonia is undoubtedly used in hepatic synthesis of nonessential amino acids as occurs in nonruminants (14) . In these ways considerable amounts of metabolic urea nitrogen, instead of being excreted in the urine, may be reclaimed as amino acid nitrogen. Part of the endogenous urea which is utilized moves into the rumen interior with saliva (13), but most of it moves from the blood directly through the rumen epithelium (5, 9). In the absence of unequivocal evidence of active transport of urea by any mammalian tissue, it has generally been assumed that urea moves by simple diffusion across the rumen epithelium.
However, active transport of urea does occur in the kidneys of bullfrogs and in the gills of some elasmobranchs, and, with respect to mammals, the question at least remains open (15). If an active transport system for urea were present in the rumen wall, its value to the nitrogen economy of the ruminant might be considerable.
Certainly such a phenomenon would be of great biological interest. Previous investigations of the mechanism of blood urea nitrogen transfer across the rumen wall have resulted in conflicting conclusions. Gartner, Decker, and Hill (8) measured in vivo the rate of hydrolysis of ureaJ4C by goats and they assumed that this rate was equivalent to urea nitrogen transfer into the rumen. They found that urea nitrogen transfer was independent of variations in blood urea concentration.
Later Ggrtner (7) found similar results in in vitro studies with bovine rumen mucosa. When the concentration difference of urea across the rumen mucosa was progressively increased, the rate of urea transfer increased rapidly at first, then more slowly or not at all. They concluded that a carrier mechanism, perhaps an active transport system, exists in the rumen epithelium for urea transfer. However, more recently, Engelhardt and Nickel (6) have reported similar in vivo and in vitro experiments but with different results. They found urea nitrogen transfer in the blood-to-rumen direction to be linearly related to urea concentration difference with no urea transfer at zero gradient.
They concluded that the transfer of urea is by simple diffusion only. Cocimano air-and liquid-tight seal. A three-way stopcock was placed at the end of the catheter so that solution and air could be put into and withdrawn from the pouch. The solution volumes put into the pouches could be recovered to within & 1 ml. Depending on the requirements of the experiment, the pouch was simply emptied and filled with the test solution, or it wasrinsed thoroughly (5 times or more) with 0.9 '% XaCl, then rinsed with the test solution, and finally filled with the test solution.
Generally, the test solutions were buffered at pH 6.5 in order to minimize ammonia absorption.
All experiments were performed at the same time of day, and only one experiment was performed on any given day.
In some experiments the pouch solution was continually mixed by the withdrawal and replacement of a small fraction (10 %) of the pouch solution at the rate of four times per minute.
However, there was no difference in results whether the solution was mixed with the pump or not. Apparently the mixing caused by pouch contractions and respiratory movements was adequate.
Ten minutes after introduction of the test solution, a sample was withdrawn.
This point in time constituted the beginning of the experiment and the cornposition of this sample was taken as the initial concentration for each substance. In this way any dilution by residual fluid in the pouch, or any initial equilibration with the epithelial layers, would not influence the final results. The subsequent test period was usually 1 hr. All solution was then removed, mixed, and sampled. In experiments where the pouch was not rinsed thoroughly at the beginning, it was necessary to consider ammonia release by bacterial deamination of proteins or ammonia uptake in bacterial protein synthesis. In these experiments, the solution removed from the pouch at the end of the test run was sampled and then placed in an incubator at 40 C for 30 min and a final sample taken. Samples were refrigerated immediately. Changes during the incubation period, which were generally small, were used to correct changes in ammonia during the pouch test period. Net amount of substance leaving or entering the pouch solution by exchange with blood during the test period then equalled the product of corrected concentration change and pouch solution volume.
No net fluid volume changes were detected. Blood samples were drawn from the jugular vein; analyses were done on heparinized plasma. To avoid disturbance to the animal, venepuncture was usually performed at the conclusion of the experiment. Neither feed nor water was given in the test period.
To vary the concentration difference of urea between pouch and plasma, urea was injected through a polyethylene catheter in the jugular
vein. An initial priming dose (up to 100 g as a 30-g/ 100 ml solution in 0.5 % NaCl) was injected over about 1 hr, then the rate of injection was decreased to a small fraction of the priming dose rate. Distribution of the urea in body fluids was complete in 1 hr; the lower rate of urea infusion then maintained the high plasma urea concentration. Blood samples were drawn from the opposite jugular vein at the beginning and end of these experiments, and they were used to determine the average urea concentration difference during the experiment.
H e mol y sis with resultant hemoglobinuria was a serious problem after injection of these large quantities of urea. The susceptibility of the animals varied, but all showed some degree of hemolysis in some experiments. Hemolysis occurred infrequently and was less severe in the sheep as compared to that seen in the goats. Hemolysis followed nearly every urea injection . in the goats, and it was not possible to avoid hemolysis, within practical limits, by injecting a less concentrated urea solution or by injecting more slowly. Variation of LNaCl concentration or use of 10 % invert sugar as the vehicle for urea also failed to prevent hemolysis.
Urea and ammonia analyses were made by the method of Conway and O'Malley (4) and antipyrine by the procedure of Brodie et al. (2) . The primary experiments can be grouped into two series. Series 1 was designed to determine the effect of variation of urea concentration differences across the rumen wall on net transfer of urea per se. Series 2 was similar except that the normal bacterial urease, associated with the rumen epitheliurn, was not disturbed; and, hence, the net transfer of urea nitrogen involved complete hydrolysis of all urea to ammonia.
Series I
The pouch was treated in various ways to depress bacterial urease activity. Sulfaquinoxaline ( 1 or 2 %), neomycin sulfate ( 10 mg/ml), and a mixture of penicillin (500 u/ml) and streptomycin sulfate (0.6 mg/ml) were the antibacterial agents used. However, it was later found that thorough rinsing of the pouch was as effective as these agents in preventing urea hydrolysis. In the series on goat I, the urea difference between pouch and blood was varied both in direction and in magnitude.
High pouch-to-blood gradients were included. In the subsequent experiments on goats 2 and 3 and sheep I, saline solutions containing no urea were placed in the pouch and varied over a wide range.
Series 2 blood urea concentration was
In this series, the pouch was not bacterial agents nor rinsed before treated with antieach experiment.
On the contrary, the pouch was carefully treated with fresh rumen fluid daily and just before the experiment. Most measurements of blood-to-pouch transfer were made at the normal blood urea concentration, although some were made at elevated concentrations. Secondary experiments were undertaken to evaluate the importance of uncontrolled variables-particularly blood flow. Antipyrine (100 pg/ml) was included in the pouch solutions during many experiments, always at the same initial concentration, and changes in its absorption were compared ments. An tipyrine was se1
with changes in urea moveected as a rapidly penetrating molecule whose absorption would probably be influenced markedly by any great change in blood flow rate, but would not be influenced by the presence or absence of bacterial urease.
RESULTS
Series I Goat 1. This pouch had a volume of approximately 100 ml. During these experiments the pouch was not treated with rumen fluid, but rather was simply rinsed daily with 0.9 % NaCl. In each experiment the pouch was rinsed several times with 0.9 % NaCl, then filled with 2 70 sulfaquinoxaline in saline for 10 min, and finally rinsed again repeatedly with saline solution. The test solution was 0.9 % NaCl and 0.04 %, KC1 adjusted to pH 5 with acetic acid, but pH rose after a few minutes in the pouch to 6.5. In some experiments urea was added to the pouch solution.
An Fig. 1) .
Goats 2 and 3, sheep 1. Experiments similar to those on goat I were done on these animals over a wide range of gradients from blood to pouch, the direction of greatest physiological interest. The pouches in goat 2 and sileep I were both approximately 500 ml in volume, and the test solutions used were 100 ml in volume. Goat 3 had a large pouch of about 1,500 ml, and a test volume of 500 ml was used. A direct linear proportionality was found, and extension of the regression lines indicated that net urea transfer would cease at zero concentration difference (Fig. 2) .
The major barrier to the diffusion of small molecules through the rumen epithelium may be the cornified cell layers. To test this idea, a series of pouch experiments were performed on sheep 1 similar to those of series I (rinsed pouch); but, before each experiment, the cornified layers of the epithelium were disrupted by treatment for 10 min with a strongly alkaline (pH greater than 10) saline solution containing 1 70 sulfaquinoxaline.
As the concentration difference of urea between blood and pouch was varied, urea nitrogen transfer also varied linearly with no transfer at zero gradient (Fig. 3) ; but rates of urea nitrogen transfer at any given concentration difference were now 50 times greater than the rates previously measured in the rinsed pouch. In an anesthetized animal, the rumen epi thelium was similarly treated with this alkaline solution, and then pieces of rumen wall were taken for histological examination. The cornified layers were loosened, broken, and removed from the underlying epithelial layers in certain areas. No signs of damage to the deeper cells were seen.
This cornified layer may also be involved in the development of the electrical potential found across the rurnen epitheliurn.
In sheep I this potential fell rapidly from 40 mv to 13 mv after treatment with the alkaline solution.
Complete elimination of urease activity was impossible in these experiments.
As previously mentioned, various antibacterial agents failed to inhibit urease activity completely even though the pouch was treated with them daily for many days. Enzymatic inhibitors (;b-chloromercuribenzoic acid, 500 mg/liter, or boric acid, 1 g/100 ml) were also ineffective in preventing the appearance of a small amount of ammonia in the pouch solutions. A combined mean of 0.3 mg ammonia N/hr appeared in the rinsed or treated pouches in goat 2 and sheep 1. In all experiments on rinsed pouches, total nitrogen of urea plus ammonia is plotted against urea concentration difference across the rumen wall.
. ol'ya 'l""' """""""" were : sheep 1, 17.3; goat I, 9.8; goat 2, 11.5; and goat 3, 13.0 mg urea N/100 ml.
When urea was injected intravenously to raise the concentration difference, rates of urea transfer increased but tended to be quite variable.
Typical results from this series of experiments are illustrated in Fig. 5 for sheep 1. Urea transfer rate in the nonrinsed pouch seems to be directly proportional to urea concentration difference, but the rate is at a higher level for each concentration difference investigated. The slope of the regression line is similar to that for the rinsed pouch, but if the line is extended, the intercept on the vertical axis would have a positive value. On the assumption that no active transport process is operating, the regression line has been extended in Fig. 5 as a dotted line into the range of very low concentration differences and brought down to indicate no urea transfer at zero concentration difference. Note, however, that, although the regression line shown is the most probable relationship, the wide scatter present indicates the possibility of other relationships, even a straight line passing through the origin but with a steeper slope. The cause of the great variability of results after urea injections is not known. We have measured blood flow in the right ruminal artery with an electromagnetic flowmeter in a conscious sheep, and a depression of blood flow occurred during a continuous urea injection at the rate used in the pouch experiments. If this flow depression occurred during the pouch experiments, it may have imposed a limitation on urea transfer rate when urea transfer was at a high level (urease not inhibited), but may have had little or no effect when transfer rate was at a low level (urease inhibited by rinsing). Although there was no intentional rinsing in the second series of experiments, the test solution itself rinses the epithelium and presumably removes bacterial urease to a variable extent. This is probably a major cause of the greater scatter of results seen in the "nonrinsed" experiments. Buffering the pouch solutions at a slightly acid pH should have prevented significant absorption of ammonia from the pouch. To test this, soya bean urease was added to the test solution in a rinsed pouch. All urea which entered the pouch was then hydrolyzed to ammonia.
However, total nitrogen from urea and ammonia which accumulated in the pouch was no different from that found when no soya bean urease was added.
The urease effect enhancing urea nitrogen transfer was easily abolished within a few minutes by rinsing the pouch several times, and the rate of transfer of urea nitrogen then fell precipitiously.
On the contrary, restoration of the urease effect always required treatment of the pouch with fresh rumen fluid for at least several days. Furthermore, as stated above, addition of soya bean urease to a well rinsed pouch had no effect on nitrogen transfer. Antipyrine absorption. Net antipyrine absorption from the pouches was determined in many experiments on sheep I and goat 2. First, antipyrine absorption was unchanged from its initial value shortly after surgical establishment of the pouch until several weeks later. Second, daily variations, although considerable, were not nearly as great as those of net urea transfer as the urea concentration difference was changed, nor were they correlated with urea transfer. Third, although urea transfer rate decreased dramaticallv after rinsing the pouch, there was no significant change in antiiyrine of the urease effect and 3.7 =I= 0.5 (SD) mg/hr after rinsing to remove urease. The probability that the difference between these values was due to chance was great (P = 0.64).
DISCUSSION
The results of the experiments on the well-rinsed pouches indicate that the net transfer of urea per se across the rumen wall is linearly and positively related to the concentration difference of urea in either direction and ceases at zero gradient.
The most reasonable explanation is that urea molecules penetrate and cross the rumen wall by simple diffusion. The great increase in rate of urea movement after the cornified layers of the epithelium had been disrupted by exposure to an alkaline solution suggests that this part of the epithelium is the most effective barrier to urea diffusion. However, the results of the experiments in which the normal bacterial urease of the rumen epithelium was disturbed as little as possible indicate that a urease mechanism operates to increase urea nitrogen transfer from blood to rumen manyfold.
The apparent increased rate of urea nitrogen transfer when urease activity was not depressed might be caused by another mechanism. Ammonia production within the pouch by bacterial deamination of proteins would have given similar results. However, the incubation of pouch solutions after each experiment presumablv corrected for this factor. Such corrections were usually small and negative (subtracted from total urea transfer); but they were occasionally positive when the rumen fluid used to treat the pouch had contained added carbohydrate, i.e., bacterial uptake of ammonia occurred. A great increase in blood flow or some drastic change in the structure of the epithelium when rinsed could also explain some of the results. These possibilities seem unlikely to be of primary importance; if either factor were to change, net absorption rate for antipyrine would have been expected to change also, but it did not do so. A report of interest is that of Abdel Rahman and Decker (1) who found that 60 % of the urease activity of the rumen papillary tissue could be removed by washing the mucous membrane with a detergent solution.
They also showed that epithelial urease resembled bacterial urease, and not soya bean urease, with respect to the effect of pH on activity. Juhasz (lo), also using a rumen pouch in sheep, found a linear proportionality between urea nitrogen transfer and urea gradient after rinsing the pouch several times with an antibiotic solution. Unfortunately, all of the nitrogen which appeared in the pouch solutions was in the forrn of ammonia.
A hypothesis can be offered for the norrnal mechanism of blood urea nitrogen transfer across the rumen wall. Bacterial urease appears to be closely associated with the rumen epithelium and penetrates the epi-
